Abstract -Stable isotopic measurements have been made on both planktonic foraminifera and coccolithic matrix of Middle Cretaceous (Late Albian-Cenomanian) age from two Pacific low latitude sites. The degree of alteration of the foraminifera has been assessed through the application of chemical analyses, cathodoluminescence and Scanning Electron Microscopy (SEM). The rotaliporid foraminifera display an interspecies range of δ 18 O values from -2.29 to -3.01 ‰ at Deep Sea Drilling Project (DSDP) Site 463 and from -2.74 to -3.55 ‰ at DSDP Site 305. Hedbergellid foraminifera exhibit a δ 18
Introduction
Oxygen and carbon isotope analysis has been widely used as a quantitative means of investigating depth stratification in extinct planktonic foraminifera (e.g. Boersma & Shackleton, 1981; Douglas & Savin, 1978; . As the surface ocean waters are warmer than deeper waters, shallow dwelling species should yield lighter δ
18 O values, and hence warmer palaeotemperatures, than deeper-dwelling species. It is also postulated that, as ocean surface waters are relatively enriched in the heavy carbon isotope ( 13 C) (e.g. Berger & Vincent, 1986) , variations in this isotope may also be used as additional evidence in the reconstruction of foraminiferal depth habitats (Corfield, Hall & Brasier, 1990) . The elucidation of depth habitats is especially important in the estimation of past sea-surface temperatures from foraminiferan isotopic values (e.g. Huber, Hodell & Hamilton, 1995) which provide an important source of quantitative data for General Circulation Model (GCM) studies of palaeoclimate. Depth preferences of Cretaceous foraminifera are thought to have been similar to present-day planktonic species (Savin, 1977) with globular forms inhabiting near-surface waters and the flattened, keeled, morphotypes representing deeper habitats (Caron & Homewood, 1982; Leckie, 1987) . This general trend has been supported through studies on palaeobiogeographic distributions (e.g. Hart & Bailey, 1979) and oxygen and carbon isotope data (e.g. Douglas & Savin, 1978; Corfield, Hall & Brasier, 1990 ). There has, however, been recent debate on absolute Middle Cretaceous equatorial temperatures, resulting largely from differences in the way sea-surface temperatures are evaluated by reference to isotopic data (e.g. Crowley & Kim, 1995; Huber, Hodell & Hamilton, 1995; Price, Sellwood & Pirrie, 1996) .
The aim of this paper is to present the results of isotopic analyses derived from planktonic foraminifera from Deep Sea Drilling Project (DSDP) material in order to identify whether depth habitats are discernible. In addition we have investigated the likely palaeoclimatic settings of these low latitude DSDP sites during presumed warm and equable Cretaceous times. Some preliminary results have been presented by and . A major problem in isotopic studies of this kind, particularly when focused on the Cretaceous and earlier times, has also C values remain confined to a narrower range. Such a spread of oxygen values may be related to a number of factors, including subtle diagenetic alteration, a wide range of temperature-related depth habitats or growth related changes of primary skeletal calcite. The hedbergellids have consistently lighter oxygen and heavier carbon isotopic values than do the rotaliporid foraminifera and hence provide isotopically derived palaeotemperatures consistent with a thermally stratified ocean. At both sites the oxygen isotopic data are consistent with a gradual warming through Albian-Cenomanian time. However, the results suggest that Middle Cretaceous equatorial oceans were possibly only as warm as those of the present day (or slightly warmer), but did not reach the high temperatures claimed in older literature.
been the susceptibility of the carbonate shell material to solution and the identification of subtle diagenetic alteration resulting in a masking of the primary palaeoecological and palaeoceanographic signal (see Price, Sellwood & Pirrie, 1996; Huber & Hodell, 1996) . Scanning Electron Microscopy (SEM), cathodoluminescence and trace element analysis of the foraminifera, coupled with the stable isotopic analyses have been employed to help eliminate any trends originating from diagenetic overprinting. The lithology of the sampled section at Site 305 consists of a laminated chalk brecciated by drilling. In parts, the only sediment preserved is chalk forming a crust on chert fragments. The lithology of Site 463 consists of uniform white soft chalk/ooze, partly disturbed by drilling. In the lower parts of the section the sediment is slightly more lithified (see Theide et al. 1981) . Black and dark grey chert fragments are recorded throughout (Fig. 2) . Mineralogically the sediments, from both sites, are composed largely of calcite, with traces of quartz and clay. At both sites planktonic foraminifera are the dominant fossil component. Rotaliporid foraminifera are most abundant in the 211-425 µm size fraction in all samples. Hedbergellids, together with a few benthic foraminifera were also identified. Boersma (1981) has recorded a diverse planktonic fauna from Site 463 including Rotalipora appenninica, R. gandolfi and R. greenhornensis from the sampled section.
Geological setting and sampling

Samples of
From this suite of fossils, rotaliporid and hedbergellid planktonic foraminifera, together with individual H. delrioensis and R. appenninica from the 211-425 µm size fraction and matrix samples, were isotopically analysed from each of the sites.
Analytical procedures
The generally unconsolidated nature of the sediments allowed relatively easy sample disaggregation using an ultrasonic bath. Two-milligram foraminifera and matrix samples were isotopically analysed using standard methods on a VG Sira series II mass spectrometer at the University of Reading. Further isotopic analyses of single specimens of planktonic foraminifera were carried out on a VG PRISM Series II mass spectrometer, with on-line common acid bath system, at the University of Oxford. The δ
18
O and δ 13 C compositions are reported in per mil (‰) notation with respect to the PDB international standard. Reproducibility for both δ 18 O and δ 13 C was generally better than ± 0.1 ‰, based upon multiple sample analysis. Elemental concentrations (Mn, Sr, Mg and Fe) were determined by inductively coupled plasma (ICP) spectrometry analysis on 2-10 mg subsamples. Reproducibility, based upon replicate analysis, was estimated generally to be less than ± 17 % of the measured concentration for Sr, Mg and Fe and ± 10 % for Mn.
Results
The analytical data (carbon and oxygen isotopes and trace elements) are presented in Figure 2 and Table 1 . Petrographic and SEM analysis reveals that the rotaliporid and hedbergellid foraminifera were generally well preserved. Foraminiferal tests generally remain devoid of any form of infilling (Fig. 3a) . Pores on the inner and outer test walls are clearly visible ( Fig. 3b ) with little surficial contamination by matrix and/or cements. Some foraminifera from Site 305 are characterized by a small amount of fine carbonate debris, principally coccoliths, adhering to the test surfaces. Cross-sections through test walls ( Fig. 3c-e ) reveal smooth open pores indicative of preservation of primary calcite. Characteristics of diagenetically altered foraminifera, including the absence of microlayering and an irregular or blocky appearance of the test wall (described by Barrera et al. 1987; Huber, Hodell & Hamilton, 1995) were generally absent. Using cathodoluminescence (Fig. 3f ) the foraminifera can be seen to be predominantly non-luminescent with inner test cavities largely devoid of infilling, which also provides further evidence of pristine shell carbonate. In contrast the matrix appears to be luminescent.
Trace element variation has consistently been employed as a technique to identify primary biogenic calcite. A number of studies have shown that trace elements exhibit significant variation between foraminifera species (e.g. Bender, Lorens & Williams, 1975; Elderfield et al. 1982) . Bender, Lorens & Williams (1975) Douglas & Savin, 1975; Theide et al. 1981) . variations could either be because of a temperature effect or because of differences in calcification rates. Significantly, interspecific variability is minor in magnitude relative to variation caused by diagenesis (Elderfield et al. 1982) . Based upon the study of modern planktonic foraminifera, relatively high concentrations of Sr (~1000 ppm) and Mg (~1000-10000 ppm) generally occur in foraminiferal shell carbonate (e.g. Emiliani, 1955; Krinsley, 1960; Milliman, 1974; Morrison & Brand, 1986) . Such studies indicate that Mn occurs in much lower concentrations (generally < 200 ppm). In the study by Emiliani (1955) it was considered that the trace element concentrations were contaminated with terrigenous material and it is considered that a value closer to < 100 ppm should be taken as an indicator of pristine shell carbonate. Such a value has been widely used in other studies, particularly those focused on belemnite isotopic palaeothermometry (e.g. Ditchfield, Marshall & Pirrie, 1994; Price & Sellwood, 1997) . Fe concentrations in planktonic foraminifera are, however, less well characterized. The concentrations of Fe in modern planktonic foraminifera, as demonstrated by Milliman (1974) and Morrison & Brand (1986) Douglas & Savin (1975 , 1978 and Huber, Hodell & Hamilton (1995) also from Site 305 (see Fig. 2 ). The matrix, largely coccolithic, also shows moderately good preservation, with few overgrowths and little cement being present. Both the oxygen and carbon isotopic compositions of the matrix are consistently heavier than that of the foraminifera (Fig. 2, Table 1 ).
In a further examination, single individual foraminifera tests were analysed to assess the isotopic variation from a single sample (Fig. 4, Table 2 ). As noted above, bulk measurements were made upon ~2 mg samples, which represent about 30 individual foraminifera tests. Mean values for both H. delrioensis and R. appenninica are very close to the values obtained from bulk measurements (Fig. 4) . The hedbergellids are marked by the largest interspecies range of δ
18
O values (-2.492 to -3.097 ‰ from Site 463, -2.454 to -3.344 ‰ from Site 305), measured from a single sample and single size fraction.
Discussion
5.a. Palaeoecology
The data presented in Table 1 and Figure 2 are consistent with a thermally stratified ocean, as the oxygen isotopic values of the hedbergellids are lighter and hence provide palaeotemperatures warmer than the deeper dwelling rotaliporids (Table 3 ). This confirms previous concepts of depth stratification. The δ 13 C values of the hedbergellids are consistently heavier than the rotaliporid foraminifera. If surface waters were relatively enriched in the heavy carbon isotope (see, e.g. Berger & Vincent, 1986; Marshall, 1992) , this trend also similarly confirms that the (globergerine) hedbergellids were shallow-dwelling species, relative to keeled forms. A stratified Cretaceous ocean, rather than well mixed, with surface waters enriched in the heavy carbon isotope, is in accordance with a number of authors including Hart & Bailey (1979) and Leckie (1989) who suggested that times of high foraminiferal diversity coincided well with a stratified water column and warm surface waters.
Analysis of individual foraminifera (Fig. 4, Table 2 ), however, possibly reveals a more complex pattern of depth stratification. The comparatively narrow range of δ 18 O values for R. appenninica could indicate that these Middle Cretaceous planktonic foraminifera were confined to water bodies distinguished by a relatively small range of temperatures. In contrast, the H. delrioensis foraminifera are marked by a greater interspecies range of δ 18 O values which may indicate that they lived and tolerated a greater range of temperatures, which by inference suggests a large depth range also. As the derived oxygen isotope values (and to a lesser degree the carbon isotope values) of the hedbergellids essentially overlap with the deeper dwelling rotaliporids (Fig. 4) a possible slight overlap of habitats may also be inferred. The δ 18 O and δ 13 C variation observed within both H. delrioensis and R. appenninica analysed from both sites (Fig. 4, Table 2 ) may also be related to a number of other factors. Subtle diagenetic alteration could account for the observed trend, even though petrographic (Fig. 3) and trace element data indicate a good state of preservation. It must, however, be remembered that diagenetic alteration can take place in a system deficient in both Mn and Fe (Marshall, 1992) and Schrag, DePaolo & Richter (1995) have suggested that it is often impossible to tell visually whether or not foraminifera have been altered. Other potential sources of shell chemistry heterogeneity include variability in photosymbiont activity, growthrelated changes in chemistry of primary ontogenic calcite formed in the surface waters and the addition of secondary calcite added in deeper water after primary growth ceases (see, e.g. Spero & Williams, 1988; Lohmann, 1995; D'Hondt & Arthur, 1995; Norris, 1996) . Shell chemistry changes related to ontogeny have been correlated with shell size (e.g. Curry & Mathews, 1981) . Within this study, as noted above, the analysis of planktonic foraminifera from a narrow size range should minimize any growth-related modification of shell chemistry.
The range of δ 13 C values of the matrix (Table 1) is also consistent with surface waters enriched in the heavy carbon isotope, despite the oxygen values having possibly been altered by diagenesis (see below). Such an observation is based upon the matrix being composed largely of coccoliths (which live in the photic zone) and that carbon isotopes are generally considered more stable than oxygen isotopes under diagenetic conditions (e.g. Marshall, 
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Site 463 Anderson & Arthur (1983) . † Temperatures calculated using the equation of Erez & Lutz (1983). 1992). Further, any 'vital effects' upon isotopic ratios obtained from bulk carbonate may be dampened as the individual signals of many species of nanno-and microfossils are effectively integrated (Scholle & Arthur, 1980; Jenkyns, Gale & Corfield, 1994) . The oxygen isotope composition of the coccolithic matrix is consistently heavier than the foraminifera and generally provides higher Mn and lower Sr concentrations (Fig. 2, Table 1 ) than those obtained from the coexisting foraminifera. Coccolith dissolution and/or subsequent Mn-rich calcite precipitation occurring at the sediment-water interface, or early during burial, could account for the observed trends. Early alteration of the matrix seems to have coincided with the loss of Sr and resetting of the isotopic signal which would provide a calculated value of nearsurface water temperature lower than the actual value. Diagenetic resetting of oxygen isotope values, providing heavier values, has also been recorded in Pleistocene coccolith-rich sediments from the Pacific (e.g. Kastner, Gieskes & Hu, 1986) . A carbon excursion of global nature, which could effect the δ 13 C of the foraminifera and matrix within the Middle Cretaceous is located close to the Cenomanian/ Turonian stage boundary (Scholle & Arthur, 1980; Jenkyns, Gale & Corfield, 1994) . The δ 13 C of the foraminifera and matrix show only a small increase towards heavy values through the Cretaceous interval examined in this study (Fig. 2) . This apparent lack of a trend is likely to be because the Cenomanian/Turonian boundary global carbon excursion has been observed to occur during the Whiteinella archeocretacea foraminifera zone (Corfield, Hall & Brasier, 1990 ) which is immediately above the R. cushmani zone (the youngest zone examined in this study).
5.b. Palaeotemperature determination
Assuming that the isotopic compositions of the foraminifera do represent primary marine values, a number of assumptions regarding the temperature of the Pacific Ocean during the Cretaceous may be made. Calcite palaeotemperatures (Table 3) have been calculated using the equation of Epstein et al. (1953) and Craig (1965) and modified by Anderson & Arthur (1983) . This expresses the oxygen isotopic composition of the water, δ w , directly relative to the (Standard Mean Ocean Water) SMOW standard:
T(°C) = 16.0 -4.14 (δ c -δ w ) + 0.13 (δ c -δ w ) 2 where δ c equals the oxygen isotopic composition of the calcite with respect to the PDB international standard and δ w equals the oxygen isotopic composition of the water from which the calcite was precipitated with respect to the SMOW standard. A δ w of -1.0‰ SMOW is thought to be appropriate for an ice-free world (Shackleton & Kennett, 1975) . A number of recent studies (e.g. Zachos, Stott & Lohmann, 1994; Huber, Hodell & Hamilton, 1995) have used the palaeotemperature equation of Erez & Lutz (1983) :
Use of this equation rather than that of Epstein et al. (1953) results in calculated temperatures being raised bỹ 2°C (Table 3) . Mean palaeotemperatures (Table 3) calculated from the oxygen isotopes from Site 305 are warmer than those obtained from Site 463. This is expected because Site 305 is located ~15°equatorward of Site 463. The derived palaeotemperatures possibly represent minimum estimates of sea-surface temperature. Such an assumption is based upon modern studies (e.g. Savin & Douglas, 1973; Vincent & Shackleton, 1980) which have shown that isotopically derived temperatures obtained from Recent planktonic foraminifera represent values generally a few degrees lower than the actual surface temperature. Further, the isotopic results suggest that the upper water column thermal gradient may have varied between 1-5°C (based upon the difference in isotopic palaeotemperatures derived from hedbergellid and rotaliporid foraminifera, from the same horizon).
The calculated temperatures (Table 3) are not significantly warmer than present day values using either of the palaeotemperature equations cited above. Such equatorial sea-surface temperatures have also recently been predicted by two GCM simulations (Barron et al. 1995; Valdes, Sellwood & Price, 1996) . These relatively cool simulated ocean temperatures were directly a result of an increased oceanic poleward heat flux providing warmth to higher latitudes. Recently, Spicer & Corfield (1992) have suggested a δ w value of -0.5 ‰ (SMOW) as a suitable value for open oceans to compensate for 16 O depletion due to evaporation. Similarly Zachos, Stott & Lohmann (1994) used a δ 18 O adjustment factor which compensates for possible changes in surface waters at different latitudes based on modern latitudinal changes in δ w related latitudinal salinity gradients in the modern ocean system. Either adjustment needs to be invoked in order to raise the low latitude temperatures of this study by approximately 3-4°C to conform with the convention of a much warmer Cretaceous climate scenario (e.g. Barron, 1983) (Table 3) . A number of potential problems in calculating Cretaceous ocean δ w variation, based upon the modern ocean, have been discussed elsewhere (Price, Sellwood & Pirrie, 1996; Huber & Hodell, 1996) .
At both sites the oxygen isotope data show a gradual, but slight, shift to being more negative from the bases to the tops of the sampled intervals (Fig. 2) . They are thus consistent with a gradual warming through AlbianCenomanian time, identified by numerous other studies which also identify warming up to the CenomanianTuronian stage boundary, then cooling thereafter (e.g. Douglas & Savin, 1975; Douglas & Woodruff, 1981; Jenkyns, Gale & Corfield, 1994) .
Thus it may be inferred that the Late Albian-Late Cenomanian palaeotemperatures of this study may have risen a further 1-2°C, if extrapolated towards the climatic optimum of the Cretaceous. If low latitude palaeotemperatures are, however, to conform with the warmest Middle Cretaceous scenario (~33-35°C) proposed by Barron (1983) , an ocean even more depleted with respect to 16 O would be required and thus higher levels of evaporation would possibly need to be invoked. This would imply an ocean more saline than the present day.
Conclusions
The data support the widespread view that during Middle Cretaceous times, keeled species (R. appenninica) of foraminifera lived deeper within the water column than the globergerine (H. delrioensis). Our analyses of individual foraminifera, however, possibly exposes a more complex relationship between test morphology and vertical habitat preferences than have previous isotopically derived models of palaeoecology, which have been based upon bulk foraminiferal samples. H. delrioensis appears to have occupied a comparatively wide range of temperature-related depth habitats which possibly overlap with deeper-dwelling keeled species. It is possible that the H. delrioensis foraminifera were altered by fluids in a diagenetic system which was open with respect to δ 18 O, but closed with respect to Mn. However, the consistency of the isotopic temperatures with respect to a thermally stratified ocean and the petrographic information provides evidence of pristine shell carbonate. These observations significantly diminish the likelihood of diagenetic alteration. Variations in the isotopic calcite palaeotemperature equations, in conjunction with potential isotopic variation in the δ w of low latitude Cretaceous seas, provides an extensive range of likely palaeotemperatures. Acknowledging the uncertainty in absolute ocean δ w values for low latitudes during the Middle Cretaceous, we suggest that sea-surface palaeotemperatures are unlikely to have exceeded 32°C.
